The survival of a strain of Legionella pneumophila (Lp-1) inoculated in artificial water microcosms was investigated with and without an amoebal host and varying environmental conditions, such as biofilm formation, amount of nutrients and incubation temperature. The results obtained using short (micromethod) and long (macromethod) term methods showed that L. pneumophila Lp-1 dies rapidly at 4°C in the ''macromethod'' assay. When the same temperature (4°C) was applied to the ''micromethod'' assay, L. pneumophila Lp-1 survived for three weeks, although it progressively decreased. At an incubation temperature of 30°C, the aquatic environment was more favourable and better survival emerged in the ''macromethod''; in contrast, this favourable temperature condition did not improve the survival of L. pneumophila Lp-1 cultured with the ''micromethod''. The role of the protozoa Acanthamoeba polyphaga proved to be indispensable for legionella survival only when environmental conditions become unfavourable.
Introduction
Legionella pneumophila, the etiologic agent of LegionnairesÕ disease, is a ubiquitous Gram-negative bacterium found in the aquatic environment [1] , where it can planktonically survive, grow in biofilms [2] [3] [4] or infect and replicate within protozoa [5] . This intracellular growth plays a crucial role in the survival and pathogenesis of the bacterium, as protozoa provide a host in which L. pneumophila can replicate, amplifying its environmental counts and virulence [6] [7] [8] . The interaction of L. pneumophila and protozoa contributes to the infection process itself: protozoa provide nutrients for the intracellular growth of legionellae and represent a shelter when environmental conditions become unfavourable. L. pneumophila exhibits a higher stress resistance after intracellular replication within protozoa [2, 6] and in particular the bacterium is able to withstand high temperatures, disinfection procedures and drying inside Acanthamoeba cysts [9] [10] [11] . Humans become infected with L. pneumophila by inhaling aerosols from natural and man-made environments, such as potable water [12, 13] , cooling towers [1, [14] [15] [16] , showerheads [17, 18] , whirlpools [19, 20] , and other human-made devices that generate aerosols [21, 22] . Once in the body, L. pneumophila colonizes the respiratory tract and multiplies intracellularly in the alveolar macrophages, causing a severe form of pneumonia [23] . Since L. pneumophila is ubiquitous in aquatic habitats, it appears impossible to prevent this microorganism from entering man-made water systems, thus the exact knowledge of its growth requirement will have great impact on strategies for disease control. As exposure is normally controlled by measures that do not allow the proliferation of legionella in the system, a better definition of the conditions suitable for the growth of the bacteria is needed. For this reason the survival capability of a strain of L. pneumophila, inoculated in artificial water microcosms was investigated with and without an amoebal host and varying environmental conditions, such as biofilm formation, amount of nutrients and incubation temperature. To verify whether culture volume, water treatment, or amoebae density may account for the differences in Legionella survival, two different methods were carried out. The first, named ''micromethod'', represented a favourable environment in which organic compounds are available, host parasite is abundant and biofilm formation is enhanced by the high ratio between the surface and the volume of the culture. The second, called ''macromethod'', was representative of a habitat unfavourable for biofilm formation, with a lower load of organic compounds and with a reduced host parasite ratio.
Materials and methods
2.1. Bacteria, amoeba and culture conditions L. pneumophila serogroup 1 (Lp-1) strain, isolated from hot tap water was subcultured on buffered charcoal-yeast extract agar supplemented with a-ketoglutarate (a BCYE, OXOID Milan, Italy) [24] and incubated for 4 d at 36°C in a moist chamber with 2.5% CO 2 added. The strain was stored until needed in phosphate-buffered saline (PBS; 8 g NaCl, 0.2 g KCl, 2.9 g Na 2 HPO 4 AE 12H 2 O, 0.2 g KH 2 PO 4 with 1 L of distilled water) supplemented with 30% (v/v) glycerine at À80°C.
Acanthamoeba polyphaga UP strain (Ap-UP), isolated from a person affected by Acanthamoeba keratitis, kindly supplied by the Department of MicrobiologyUniversity of Parma, was cultured on non nutrient agar (NNA) plates to which 0.1 ml of an overnight culture of Escherichia coli was added in the middle and incubated at 30°C. Every four days a portion of agar of about 0.25 cm 2 containing trophozoites was transferred onto a new NNA plate with the E. coli layer. The protozoa were converted to an axenic culture in standard peptone-yeast extract-glucose (PYG) broth [25] supplemented with 50 mg L À1 gentamycin to remove bacterial cells, and then maintained in stationary monolayer at 30°C in PYG in 25 cm 2 tissue culture flasks.
Micro-and macromethod assays
Cell suspensions of Lp-1 were obtained by collecting colonies, grown on a BCYE agar plates, with a sterile swab and suspending the cells in 5 ml of PYG. A 5-day-old PYG culture of Ap-UP was also used.
All cultures were centrifuged at 2000g for 20 min. After discarding the supernatant fluid, the pellets were re-suspended in 5 ml sterile deionized water. Centrifugation, supernatant discard and re-suspension were repeated three times. The density of the final suspensions was measured by the plate count method for legionella and the Bürker chamber under an inverted microscope (200· magnification) for amoebae.
The obtained suspensions were diluted and inoculated into the water samples, all collected from the same tap at the University of Modena and Reggio Emilia, Department of Biomedical Science. In both methods, the final bacterial concentrations were similar to those employed in previous studies [26, 27] and simulating the worst conditions for human health which may occur in aquatic habitats. Two different ratios of bacteria:amoeba were chosen: 1:1 for the micromethod, to further simulate a favourable habitat and 100:1 for the macromethod, representing unfavourable environmental conditions.
The ''micromethod'' assay was performed using 12-well flat bottom plates with 1.5 ml of autoclaved tap water. The strain suspensions were added in two different combinations (Lp-1 alone and Lp-1 with Ap-UP) to yield a final count in each well of Ap-UP 10 5 cells/ ml and Lp-1 10 5 cfu/ml. The 12-well plates were incubated without shaking for 21 days at 4, 30 and 48°C.
For the ''macromethod'' assay survival experiments were carried out on samples of tap water previously filtered through membrane filters (0.45-lm-pore-size Sartorius AG, Goettingen, Germany) to remove autochthonous microbiota. Eight hundred milliliter volumes of the water were added to sterile Pyrex glass flasks (1 L), cleaned with acid and autoclaved before use. The flasks were then inoculated with the test strain suspensions in two different combinations (Lp-1 alone and Lp-1 with Ap-UP) to yield a final bacterial count of Lp-1 1 · 10 6 cfu/ml and Ap-UP 8 · 10 3 cells/ml. The flasks were incubated without shaking for 42 days or more (depending to survival rates) at 4, 30 and 48°C.
At regular intervals, daily during the first week and every three days afterward, the bacterial count for viable legionella was determined by spreading 0.1 ml of serial 10-fold dilution samples on selective media a-BCYE. For total legionella co-culture counting, 1 ml samples were frozen at À70°C and rapidly thawed at 37°C to lyse the trophozoite. Afterwards, samples were shaken, diluted and the concentration of the uniformly resuspended microorganisms was evaluated by plating on a-BCYE. To determine the number of viable amoebae, trophozoites only, screened on the basis of morphological appearance and motility were counted by Bü rker chamber examination under an inverted microscope (200· magnification).
All plates were incubated at 36°C in a moist chamber with 2.5% CO 2 added, examined daily for up to 7 d, and colonies were counted. The experiments were conducted three times in the same conditions to verify their reproducibility. For each sample the bacterial count evaluation was performed on three plates and the arithmetical mean of the nine determinations, expressed as log cfu ml À1 , was plotted against incubation time (days). Standard deviations were calculated and error bars were reported.
Results and discussion
The kinetics of Lp-1 replication using micromethod assay at 4 and 30°C are shown in Figs. 1 and 2 , respectively. Lp-1, when individually suspended in autoclaved tap water and incubated at 4°C (Fig. 1) , showed a good survival capability, even if characterized by a constant decrease in viable count. The bacterium was still detected at the end of the experiments, even if at low concentration (<10 cfu/ml). Under the same experiments performed at 30°C (Fig. 2) , the number of viable Lp-1 cultured alone, after an initial decrease (ca. 1 log) probably due to adaptation to the new environment, remained nearly constant between 10 3 and 10 4 cfu/ml up to day 14. Afterwards, a marked decline was observed, and at day 17 Lp-1 was no longer detectable. The micromethod is characterized by organic substances derived from disruption of the original water microbial flora following autoclaving, and also by rapid biofilm formation observed on the bottom of the wells. The reduction of Lp-1 viability observed at both 4 and 30°C, although different in mode and time, is probably due to consumption of available organic compounds, less pronounced at low temperature. In the Ap-UP co-cultures at 4°C (Fig. 1) , Lp-1 count decreased over the first three days, and then stabilized in the range 10 3 -10 4 cfu/ml, and remained nearly constant up to the end of the experiments (day 21), when it was still recovered at a mean value of approximately 10 3 cfu/ml. In Ap-UP co-cultures at 30°C (Fig. 2) , Lp-1 was detectable up to day 21 at lower concentrations (10-10 2 cfu/ml). Moreover, we observed a more unstable trend, as compared to the experiments at 4°C. After the initial decrease, Lp-1 bacterial count remained nearly constant for 9 days, and then showed fluctuations with increasing and decreasing peaks. Interestingly, the fluctuation corresponds to the inverse trend noticed in the number of protozoan cells, suggesting that the high recovery peaks every 1-2 days represent the extracellular phases of newly formed Lp-1, released from the disrupted host after replication. This is in line with the results of kinetic studies on the intracellular replication of Lp-1 in A. castellanii, where bacteria were seen to grow exponentially and the number of viable amoebae to decline contemporarily over a 10-20 h period [28] . On the other hand, the low recovery peaks may coincide with a reduced survival of free Lp-1 and the subsequent need to newly parasite the host. This alternate behaviour in co-culture supports the hypothesis of an alternation in the intra-and extramoebal life of Lp-1, depending on the favourable (presence of nutrients) or unfavourable environment, as reported by other AA [10] . This amoebae-legionella interaction was not observed in the co-culture experiments performed at 4°C, a condition that probably slows Lp-1 metabolism, limiting the need for an intracellular phase.
The results obtained at 4 and 30°C using the ''macromethod assay'', where Lp-1 was inoculated in filtered tap water, are shown in Figs. 3 and 4 , respectively. At 4°C, individually suspended Lp-1 was not detectable after just 24-48 h. In Ap-UP co-cultures, after the initial decrease (about 2 log), bacteria counts gradually and constantly declined but were still around 10 2 cfu/ml 42 days after incubation. In these experiments, Lp-1 and Ap-UP showed an alternating trend similar to that observed in the micromethod at 30°C and previously described. Finally, in experiments carried out at 30°C, after the initial physiological decrease, lower than that observed at 4°C, both Lp-1 cultured alone and Ap-UP co-cultures had high survival rates over the entire period of observation (42 days). This suggests that under these experimental physico-chemical conditions, Lp-1 finds a favourable environment that allows good survival at high rates (10 4 cfu/ml) and does not need to grow intracellularly inside Ap-UP. Actually, Ap-UP shows a progressive and slow decrease which appears independent of bacterial behaviour. Subsequent viable bacterial counts on flasks where Lp-1 was detected at high concentrations revealed that the viability of the microorganism was maintained over extended periods, with a prolonged and unexpected survival rate up to six months for single inoculated Lp-1 (viable counts of ca. 10 2 cfu/ml) and up to 12 months in Ap-UP co-cultures, with a mean ca. 10 3 cfu/ml (data not shown). Legionella have never been detected in the same assays performed at 48°C, underlining that in our experimental conditions this temperature was too high for legionellae survival, as reported by other authors in experiments carried out in filter-sterilized waters [27, 29, 30] . Nonetheless, as legionella is detected in hot water systems [31] , even at high temperatures, we must note that our artificial microcosms do not represent the real environment but give useful indications on the capability of Lp-1 to survive under definite and controlled experimental conditions. The results obtained in the present study confirm the importance of environmental conditions on Lp-1 survival, in terms of incubation temperature, nutrient availability and the presence/ absence of natural hosts (amoebae). Lp-1 rapidly died at 4°C in the ''macromethod'' assay characterized by low nutrient. Filter-sterilized tap water is in fact deprived of autochtonous microbiota that naturally occurs in the aquatic environment and serves as a natural source of organic substances. When the same temperature (4°C) was applied to the ''micromethod'' assay, Lp-1 though progressively decreasing, survived for three weeks. This could depend on the presence of nutrients, such as those deriving from the disruption of resident bacterial population in autoclaved but not filtered water, allowing Lp-1 to survive despite the unfavourable water temperature. Another possibility to explain the higher Lp-1 survival is biofilm formation on the flat bottom surface of wells, a condition that may contribute to the release of organic compounds and/or is able to protect Lp-1 from destruction [32] .
At an incubation temperature of 30°C, the aquatic environment was more favourable and a better survival emerged in the ''macromethod'', that is when available nutrients were poor and biofilm most probably not present. In contrast, in the ''micromethod'' this favourable temperature conditions did not improve the survival of Lp-1, which was more prolonged at 4°C incubation, that is when nutrient consumption is limited due to the reduced metabolism of Lp-1 at low temperature. Regarding the role of A. polyphaga, protozoa result indispensable for legionella survival only when environmental conditions become unfavourable. We discovered two of these conditions, the first referred to an incubation temperature of 4°C with nutrient limitation (macromethod), the latter to an improved consumption of nutrients due to the ideal growth temperature of 30°C (micromethod). On the other hand, when temperature was ideal (macromethod at 30°C) or organic compounds still available (micromethod at 4°C), trends of Lp-1 individually inoculated or co-cultured with protozoa, were practically identical, indicating that plankton survival is possible under those conditions. In summary, we can state that Lp-1 is a facultative intracellular parasite, and consequently the host is needed to allow adaptation to unfavourable conditions of a niche, not a normal method of assay and/or growth.
Conclusions
The present research refers the results of an ecological study on L. pneumophila carried out using two artificial microcosms that represent different conditions for evaluating the behaviour of the pathogen. The first, named ''micromethod'' and performed using 12-well flat bottom plates to which 1.5 ml of autoclaved tap water was added, simulates artificial habitats, such as water-supply ships, where organic compounds are available and microorganisms can easily form biofilms. The second, called ''macromethod'' and carried out on 800 ml volume samples of filtered tap water, resembles the ecological niche in drinking water distribution systems, unfavourable for biofilm formation and with lower loads of organic compounds. One advantage of the ''micromethod'' with biofilm formation, could be a rapid turnaround for obtaining results (three weeks were adopted in the present study and proposed for further investigations); moreover it is possible to directly observe the viable conditions of all inoculated organisms at the inverted microscope. Therefore, its use is recommended for ''short term'' studies with the aim to directly evaluate factors that interfere with growth or survival of legionella (such as effectiveness of biocide treatment, role of host protozoa or biofilm). With this method it is possible to verify at the same time the morphological condition of biofilm and the different phases of host protozoa (trophozoite or cysts), as these factors play key roles in their growth and spread. On the other hand, the ''macromethod'' may be more suitable for ''long term'' environmental studies on the survival and adaptation of Lp-1 in water systems, by observing the effect of temperature, nutrient limitation (inorganic and organic contents), and influence of autochtonous flora. Although only a few studies were carried out with similar experimental conditions, our results confirm those referred by other authors. Lee and West [33] report that L. pneumophila suspended in sterilized tap or distilled water at 25°C, after initial fluctuations, may survive for long periods, up to 65 days, stabilizing at a level slightly above that initial concentration. Moreover, several groups, which performed the test by removing and replacing the microcosms with fresh sterile tap water at regular intervals, showed that L. pneumophila cultured at 35°C remained indefinitely without the addition of any nutrient other than those occurring naturally in the water [30, 34] .
The growth and survival capability of legionella under a wide range of physico-chemical conditions, commonly encountered in most natural and man-made water systems, are still not clearly understood. Further studies should be carried out to better define the ecology of L. pneumophila, including the influences of other aquatic organisms (protozoa, planktonic free living bacteria and their products, biofilm), and other factors such as salts and biocides. The concerted influence of these factors will better explain the capability of L. pneumophila to survive and grow under natural conditions and the occurrence of high bacterial density in natural and artificial habitats.
